The aim of the study was to investigate the distribution of the circle of Willis variants in Polish population by means of computed tomography angiography (CTA (Folia Morphol 2013; 72, 4: 293-299) 
INTRODUCTION
The circle of Willis (CW) facilitates the appropriate distribution of blood and nourishment to the brain tissues. In its typical configuration, the CW allows for effective collateral circulation when needed. Many factors play a role in the development of the structures of the CW, including one's genetic background, the haemodynamic and environmental conditions of prenatal and postnatal growth, the development of the brain, and contingent co-morbidities [1, 11, 17, 18] . As such, it is rather unsurprising that there is a large variety of configurations of the CW among both healthy and unhealthy populations of different ethnic groups [4, 11] .
Variants that are characterised by impaired collateral flow, carry with them an increased risk of ischaemic events [10, 14, 15, 19] . These incidents may result from disorders such as occlusive disease [8, 14] or from surgical procedures, for instance aortic dissection (intraoperative ischaemia) [15] . Additionally, the role of the CW in migraine [3] and aneurysm development [2] has been widely studied. In the light of the CW's key function in pathological processes, the need for thorough investigation of the appearance of different variants of the circle is understandable.
Since first described by Willis, the cerebral arterial circle has been the subject of multiple investigations. Cadaveric studies are still widely performed [4, 5, 11, 15] and several imaging methods, including transcranial colour-coded duplex ultrasonography (TCCD) [9] , 3-dimensional time-of-flight magnetic resonance angiography (3D-TOF-MRA) [2, 3, 14] , and computed tomography angiography (CTA) [2, 7, 13, 16] have been used to examine the circle. These imaging techniques have allowed for the precise depiction of the clinically relevant collaterals of the circle by assessing the patency of blood vessels that determine the circle's physiological completeness. A limitation of some imaging-based studies is that the study population consists of patients suffering from cerebrovascular disease. Even though many cadaveric studies have focused on the structure of the CW, some authors still consider the clinical relevance of post-mortal examination insufficient [1, 13] .
In this study, CTA was used to explore the distribution of the various combinations of the CW in a healthy Polish population. To the authors' best knowledge, no CTA-based research pertaining to the variants of the cerebral arterial circle have been performed on a Polish population. Additionally, none of the other published studies have compared the results of 2 CTA-based studies, as done in this paper.
MATERIALS AND METHODS

Patient population
The initial patient population consisted of patients who underwent CTA at the Department of Radiology of the Jagiellonian University Medical College during the period from July 2008 to October 2011. Patients diagnosed with arterial aneurysms, arterio-venous malformations, subarachnoid or intra-cerebral haemorrhages, intracranial neoplasms, transient ischaemic attacks, ischaemic strokes, migraines, severe trauma, as well as those with non-diagnostic quality images, were excluded from the study.
Imaging
All participants underwent cranial CTA using a multi-row computed tomography scanner (Somatom Sensation 16; Siemens AG, Germany) with the following parameters of the study: exposure factors -120 kV, 74 mA, 120 mAs; rotation time -0.75 s; slice thickness -3 mm; pitch -1.5. The data obtained was sent to a workstation equipped with software for further analysis. Maximum-intensity projection reconstructions in 3 perpendicular planes -coronal, sagittal and axial -were acquired.
Data evaluation
Evaluation of all CTA was performed by three of the authors. Angiograms were carefully studied and component vessels were examined in order to reveal any abnormalities in their size, origin, course and number. The results of the examination were saved on an evaluation form together with a sketch. In cases where the evaluation was problematic due to an inferior quality image or extraordinary abnormalities, the observers consulted each other in regard to the evaluation.
The term 'typical CW' was used to describe a cerebral arterial circle in which all component vessels were present and not hypoplastic. Anterior and posterior parts of the circle were referred to as typical accordingly. The circle was considered to be complete when all the segments were depicted on CTA. In comparison, closed CW was defined as one displaying continuity of blood flow, regardless of presence of all components of CW.
Statistical analysis
After determining the basic elements of descriptive statistics (mean, standard deviation, percentage distribution), the Pearson c 2 test was used to compare the collected data with those obtained by previous studies. Where necessary, Yates correction for continuity, Cramér's V, and the Pearson contingency coefficient were applied. All calculations were done using Statistica v. 10 (Stat Soft Poland).
RESULTS
250 subjects -129 female and 121 male, underwent evaluation of the cerebral arterial circle. The age characteristics of the study population are detailed in Table 1 . CTA did not reveal any abnormalities in 73.20% of the cases. The remaining subjects manifested a variety of pathological findings (Fig. 1) .
To address the wide diversity of CW configurations, our predecessors have developed a classifica-in our paper were devised on the basis of the results obtained during our research.
Anterior portion of the circle
Seven different types of the anterior part of the CW were found in the study (Fig. 2) . The most common configuration among the examined subjects was type A (typical), observed in 47.20% of the cases. Lack of the anterior communicating artery (type C) and accretion of the anterior cerebral arteries (ACAs) (type G) were also frequent variations, occurring in 22.80% and 9.60% of the cases, respectively.
We encountered 10 (4.00%) patients in whom anterior CW variations differed so distinctly from more common patterns, that they could not be classified within the established 7 types. They are illustrated individually on Figure 3 . Five cases belonged to male subjects and 5 belonged to female subjects. Of these 10 cases, 2 cases pertained to additional arteries, 2 cases pertained to unusually joined ACAs, while 2 cases involved arteries that had an unusual course. The remaining cases were characterised by the presence of hypoplastic vessels, or the complete absence of 2 or more segments.
The anterior portion of the CW was noted to be open in 29.60% of the cases. As such, collateral blood flow was impaired in these subjects. Females were found to have a significantly higher rate of an open anterior part of the circle when compared to males (35.66% vs. 23.14%, p < 0.05). There were no relevant differences in the incidence of variants between male and female subjects when testing conjointly. Nevertheless, testing individually for each pattern revealed that the typical variant was more frequent in men (19.83% vs. 13.95%, p < 0.05), while the one lacking the anterior communicating artery (AComA) appeared more often in women (29.46% vs. 15.70%, p < 0.01). No age-related differences were observed in regard to the prevalence of types or in regard to impaired collateral function.
Posterior portion of the circle
In the posterior part of the circle, 14 various types were distinguished (Fig. 4) . The absence of both potion system based on dividing the CW into anterior and posterior parts, and our assessment adopts this approach [13] . The subgroups used in this paper differ from those formerly issued since the subgroups used 
Entire circle
The typical variant was the most common combined type of CW in this study, appearing in 16.80% of the cases. We observed that 12.00% of the subjects presented with typical anterior part of the circle combined with bilateral absence of the posterior communicating arteries (PComAs). These 2 patterns occurred just as frequently in both genders. Looking at the CW as a whole, lack of all communicating arteries (type C-6) and the isolated absence of the AComA (type C-1) were also frequent, appearing in 7.20% and 5.60% of the cases, respectively. Female subjects were noted to present with a markedly higher prevalence of these variants: 10.08% vs. 4.13% for type C-6 and 9.30% vs. 1.65% for type C-1. The posterior portion of the circle was more often open than the anterior part (62.40% and 29.60%, respectively; p < 0.001). The entire circle was open in 69.20% of the subjects, sterior communicating arteries (type 6) was the most common variant, appearing in 29.20% of the cases. The typical pattern (type 1) had a similar prevalence and occurred in 26.80% of the subjects. Apart from 2 other configurations (type 4, type 9), the remaining types occurred in no more than 5.00% of the cases each.
The posterior part of the circle was complete and closed in 37.60% of the cases, providing collateral blood flow. Conversely, 62.40% of the subjects were found to have the posterior component deficient in 1 or more segments, forming an open posterior part. A foetal type posterior circle (FTP) appeared in 16.40% of the cases, including both full (types 7, 8, 9, 13) and partial FTP (types [10] [11] [12] [13] [14] . There were no gender-related differences in the incidence of segment absence or hypoplasia in the posterior portion of the circle. Patients above 46 years of age (median) had the incomplete posterior portion of CW more often (68.55% vs. 56.35%; p < 0.05). a Also known as a median artery of corpus callosum; ACA -anterior cerebral arteries; AComA -anterior communicating artery; A1 -pre-communicating part of anterior cerebral artery; P1 -pre-communicating part of posterior cerebral artery; PComA -posterior communicating artery; UL -unilaterally; BL -bilaterally variants that did not secure brain tissue perfusion in occlusive disease is noticeably higher in the present study.
Both studied populations were found to have a similar occurrence of the most frequent variants of the posterior part of the CW: bilateral absence of the PComAs, the typical configuration, and unilateral lack of PComA, respectively (Table 3B ). In comparison, the frequency of unilateral and bilateral PComAs hypoplasia differed significantly, occurring almost 3 times more often in the Chinese study [13] . Some of the types presented in the current study were not distinguished by Li et al. [13] , and were mostly variants of the partial and full foetal type configuration. FTP appeared more often in the current study, especially full FTP, which was 10 times more frequent than in the and more frequently in subjects of 46 or more years of age (p < 0.05).
Segments of the circle
The incidence of segment absence and hypoplasia in the circle is shown in Table 2 . Lack of AComA was seen in 41.56% of female and 27.27% of male patients. This data does not correlate with the prevalence of type C shown on Figure 2 , owing to the fact that accretion of the ACAs (type G) and 5 unclassified configurations were also considered as a deficiency of the AComA. Bilateral absence of PComAs was observed in 33.33% of women and 24.79% of men, while the trend for the unilateral lack of this segment was reversed -seen in 28.93% of male and 23.26% of female patients.
DISCUSSION
Many authors have hypothesised that there are considerable differences in the prevalence of various configurations of the CW in various ethnic groups [4, 11, 13] . Conclusions based on the comparison of data acquired using different methods seem to be questionable. This is due to the fact that each particular evaluation technique has different characteristics and limitations [5, 6, 9] . Furthermore, it should be noted that a number of previously published studies were carried out on patients with cerebrovascular disorders [3, 6, 8, 11] .
In this paper, we decided to compare our results to those reported in another study [13] that has several similarities to our own. First of all, it was a CTA-based study, although it used a Chinese population [13] . The study in question had similar inclusion criteria, so as to exclude patients with disorders of the cerebral vessels. Lastly, the authors of the aforementioned study divided the CW into anterior and posterior parts, as in our study.
The incidence of particular variants of the anterior part of the CW differed significantly between both studies, as shown in Table 3A . The typical pattern was over 1.5 times more frequent in the study conducted by Li et al. [13] , whereas lack of AComA was observed approximately twice as often in the present study. 20.80% of the cases noted in the present study did not have a counterpart in the aforementioned study. Variants with an additional artery originating from the AComA (type F) and with accretion of the ACAs (type G) were included in these cases. It is the authors' opinion that these variants provided collateral blood flow to this part of the circle. A hypoplastic AComA or precommunicating segment of the ACA (A1) may be insufficient to provide collateral circulation. If so, the occurrence of [14] corresponded to type 1 of the posterior part of the circle, thus they were compared jointly
Chinese study [13] . The posterior portion of the circle was complete and therefore able to provide collateral blood flow with similar frequency in both groups.
Compared to other studies carried out using imaging techniques, our results showed a considerably lower incidence of the typical anterior and posterior parts of the CW: 47.20% vs. 69.90% and 26.80% vs. 44.40%, respectively [6] . While the lack of AComA was twice as frequent as in a MRA-based study on an Australian population, accretion of the ACAs was present almost equally often [6] . The prevalence of a closed anterior circle ranged from 74.00% to 83.00% (Table 4) in the studies cited. The posterior component of the circle was incomplete in approximately half of the subjects in two MRA-based studies [6, 14] and one TCCD-based [9] study. The present study, as well as the CTA-based research carried out by Li et al. [13] , showed a noticeably higher occurrence of an open posterior part of the CW (Table 4) . Bilateral lack of PComAs was the most frequent posterior variant published in the literature [6, [12] [13] [14] , although its prevalence varied. This variant was reported in about 30.00% of the subjects undergoing CTA examinations, which was twice as often as in the aforementioned MRA and TCCD studies [6, 9] . The incidence of FTP has been reported as ranging from 11.20% to 18.00% in different studies [6, 14] , whereas in the present study it was found to occur in 16.40% of the cases. The entire circle was open in more than half of the subjects when taking into account all the cited studies. The higher prevalence of an open anterior part of the circle in the female subjects remains unverified. The frequency of an open CW was confirmed to increase with age in one of the cited papers [6] .
Cadaveric examinations have yielded a range of inconsistent results [4, 5, 11] that do not correspond with imaging studies. The prevalence of the typical pattern of the CW has been reported to range from 14.00% to 45.20% in cadaveric examinations [4, 11] , in contrast to imaging studies where it has been observed in 22.29% to 45.76% [6, 9] of the subjects. As shown in Table 5 , the entire circle was reported to be open rather rarely -in 3.20% to 11.00% of the subjects [5, 11] . It was also found to be always closed [4] in one study. The absence of the AComA was noted in no more than 2% of the patients, 5 to 10 times less than what has been reported in imaging studies [6, 13] . The most frequent type of posterior circle observed in autopsy studies was bilateral PComAs hypoplasia (Table 5) , present in about a quarter of the cases [4, 5] .
The reason for the differences noted above is that the luminal diameters of arteries are known to vary between cadaveric and imaging studies [4, 5, 13] . Transmural pressure distends arterial vessels in the presence of blood flow and adequate blood pressure. During post-mortem evaluation, blood vessels collapse. Preserving techniques may also influence the caliber of vessels [4, 13] . Additionally, external mea- The studies confirm that CTA is an accurate imaging technique for the evaluation of the structures of the CW [7, 16] . It is highly sensitive and specific, except when it comes to detecting hypoplastic segments, where it has a rather low sensitivity [7] . Additionally, CTA allows for exact assessment of the presence of the foetal configuration of the posterior part of the circle [16] . The main limitations of this study correspond to those of imaging techniques in general and particularly to limitations of CTA. As shown, especially for arteries of small diameter such as AComA and PComAs, there are considerable discrepancies between imaging and cadaveric studies.
CONCLUSIONS
This paper shows that the prevalence of the normal CW constitutes a minority of cases in a healthy population (16.80%). Interestingly, 69.20% of the patients were noted to have an incomplete cerebral arterial circle that was unable to provide collateral blood flow. Female subjects and patients over 46 years of age were noted to have a higher occurrence of such deficient variants of the CW. Additionally, female subjects had a significantly higher proportion of an open anterior part of CW. The results of our research were compared with other studies conducted, using imaging techniques and revealed noticeable differences. Unfortunately, comparing studies proved to be challenging and was impeded by dissimilarities in the study population characteristics, the technical parameters of imaging used, and how various types of CW variants were classified. Therefore, it is suggested that future studies concerning the CW should be carried out using more comparable methods.
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